Purpose: The zebra finch is used as a model to study the neural circuitry of auditory-guided human vocal production. The terminology of birdsong production and acoustic analysis, however, differs from human voice production, making it difficult for voice researchers of either species to navigate the literature from the other. The purpose of this research note is to identify common terminology and measures to better compare information across species. Method: Terminology used in the birdsong literature will be mapped onto terminology used in the human voice production literature. Measures typically used to quantify the percepts of pitch, loudness, and quality will be described. Measures common to the literature in both species will be made from the songs of 3 middle-age birds using Praat and Song Analysis Pro. Two measures, cepstral peak prominence (CPP) and Wiener entropy (WE), will be compared to determine if they provide similar information.
Purpose: The zebra finch is used as a model to study the neural circuitry of auditory-guided human vocal production. The terminology of birdsong production and acoustic analysis, however, differs from human voice production, making it difficult for voice researchers of either species to navigate the literature from the other. The purpose of this research note is to identify common terminology and measures to better compare information across species. Method: Terminology used in the birdsong literature will be mapped onto terminology used in the human voice production literature. Measures typically used to quantify the percepts of pitch, loudness, and quality will be described. Measures common to the literature in both species will be made from the songs of 3 middle-age birds using Praat and Song Analysis Pro. Two measures, cepstral peak prominence (CPP) and Wiener entropy (WE), will be compared to determine if they provide similar information.
Results: Similarities and differences in terminology and acoustic analyses are presented. A core set of measures including frequency, frequency variability within a syllable, intensity, CPP, and WE are proposed for future studies. CPP and WE are related yet provide unique information about the syllable structure. Conclusions: Using a core set of measures familiar to both human voice and birdsong researchers, along with both CPP and WE, will allow characterization of similarities and differences among birds. Standard terminology and measures will improve accessibility of the birdsong literature to human voice researchers and vice versa. Supplemental Material: https://doi.org/10.23641/ asha.7438964 S ongbirds have long been utilized as models for studying the neural circuitry for auditory-guided human vocal learning and production. Two songbird species, the zebra finch and Bengalese finch, are well suited to these purposes due to their easy breeding and adaptability to captivity, preference for social housing, and the abundance of literature on central brain mechanisms for vocal motor control. Similarities and differences in central and peripheral mechanisms of finch and human sound production are reviewed in the following paragraphs, followed by a comparison of their production mechanisms. It remains unclear how common acoustic measures of birdsong relate to human voice. The purpose of this research note is to propose a "translational dictionary" to facilitate sharing results and knowledge across the human voice and birdsong literature including demonstrating the feasibility of applying acoustic measurements made in human voice to structural elements within the birdsong.
In the zebra finch species, the males sing and the females do not, a sexually dimorphic behavior established early on with the development and growth of the song control system in males but not in females. The finch is an excellent model for studying neural circuits for human vocal motor control (Brainard & Doupe, 2013) . In finches, there are identifiable song-dedicated brain nuclei located within cortical and basal ganglia tissue. Evidence from anatomical and gene expression studies show a high degree of similarity between finch song control regions RA, LMAN, and Area X (abbreviations used as proper names) with human brain regions involved in speech motor production and planning. Specifically, RA is correlated with the primary motor cortex, LMAN with Broca's area, and Area X with the striatum (Pfenning et al., 2014) . Recent electrophysiological evidence has identified a direct connection between the human primary motor cortex and the larynx in the control of pitch during speaking and singing, a finding that further supports the use of the finch model to study voice control (Dichter, Breshears, Leonard, & Chang, 2018) .
Finches and humans also share a cortico-basal gangliathalamo-cortical loop that is under neuromodulatory control by dopamine (Simonyan, Horwitz, & Jarvis, 2012) . In both species, primary and supplementary motor cortices provide descending excitatory glutamatergic input to basal ganglia structures. The basal ganglia provide GABAergic inhibition of the thalamus, which relays input back to higher cortical structures. In finches, song-dedicated cortical nucleus RA is the output nucleus of the song control circuit sending descending drive to the hypoglossal cranial motor neurons in the brainstem and then on to the syrinx, the main vocal organ (vs. the larynx in humans).
Experimental studies in finches have provided needed insight into genetic and neuromodulatory control of birdsong as a model for human voice research. Notably, one widely used example of shared genetic function between finches and humans is the speech gene, FOXP2, which affects vocal learning and production in both species (Haesler et al., 2007; Heston & White, 2015; Lai, Fisher, Hurst, Vargha-Khadem, & Monaco, 2001; Vargha-Khadem et al., 1998; Watkins, Gadian, & Vargha-Khadem, 1999) . In humans, abnormal expression of the FOXP2 protein in human cortical and basal ganglia regions is associated with articulatory deficits including impaired sequencing of orofacial movements; whether FOXP2 contributes to voice deficits (e.g., loudness, pitch, or quality) has not been examined. Intriguingly, virally driven genetic manipulation of FOXP2 levels in Area X of adult male zebra finches alters one aspect of voice, pitch control, which is acoustically measured as changes in fundamental frequency oscillation (f o ), of harmonic elements in both finch song and in human voice (Murugan, Harward, Scharff, & Mooney, 2013; Stemple, Roy, & Klaben, 2014) . Changes in f o are also detected with experimental manipulation of dopamine levels in finch Area X during auditory-driven vocal learning tasks in adult males and dependent on whether the male is singing alone or to a female (Hoffmann, Saravanan, Wood, He, & Sober, 2016; Leblois & Perkel, 2012; Leblois, Wendel, & Perkel, 2010) . However, f o measurements made in birdsong are restricted to a small subset of harmonic elements within the bird's song, thereby requiring a large number of birds to achieve a sufficient sample size. To facilitate future comparisons between birdsong and voice research studies, it is critical to identify acoustic voice measurements that can be reliably made from inharmonic aspects of the bird's song and have the potential to change with age or intervention.
Central mechanisms drive the peripheral mechanisms (e.g., song control nuclei) to produce the acoustic signal. Both central and peripheral mechanisms operate to determine f o (pitch) and intensity (loudness), features that vary as the finch sings (Brumm & Slater, 2006; Kao & Brainard, 2006; Kao, Doupe, & Brainard, 2005; Sober, Wohlgemuth, & Brainard, 2008) . Humans and zebra finches share several peripheral sound generation mechanisms and present with some key differences. As reviewed by Riede and Goller (2010) , similarities and differences involve the respiratory system, oscillating masses, and supraglottal structures. Both species phonate primarily on exhalation. Muscular control regulates airflow to and from the lungs in both, though recoil forces do not appear to contribute to driving pressures in avian voice production (Riede & Goller, 2010) . Both species have oscillating tissue masses that abduct and adduct, though the avian syrinx has two independently controlled sound generators, the medial and lateral labia. The most common vibratory modes present in human vocal fold vibration are also thought to occur with avian labial vibration. In songbirds, the medial-to-lateral vibratory mode has been observed and the rotational mode is hypothesized, though little is known about the histological composition of the labia, and songbirds might lack the layered structure of the lamina propria that underlies the rotational mode (Riede & Goller, 2010) . The rate of vibration determines f o . The supraglottal vocal tract contributes to tuning resonances in both species. Muscular control of the upper vocal tract in songbirds, consisting of the tracheal tube and the oropharyngealesophageal cavity, is used to enhance select components of the acoustic signal, much as humans use the pharynx, mouth, and nose to enhance specific components of the acoustic signal. In general, the songbird voice production systems appear to be adapted for high-speed vocal output and control of timing, and human laryngeal muscles are adapted for fine control of tension (Riede & Goller, 2010) .
Research studies using finches and other songbirds rely upon a standard set of acoustic measurements to describe birdsong. Several of these measures are often unfamiliar to researchers of human voice, and vice versa, limiting sharing of information across species. In order to interpret birdsong data in the context of human voice metrics, there needs to be a common "language" between birdsong and human voice. Therefore, we had two aims in the current study: (a) establish a "translational dictionary" of birdsong and human voice terminology and measures, (b) determine the feasibility of using a set of measures familiar to human voice researchers that will characterize key features of birdsong, and (c) identify the extent to which Wiener entropy (WE) relates to cepstral peak prominence (CPP). WE and CPP both provide information about harmonic and noise energy in the sound (Hillenbrand & Houde, 1996; Tchernichovski, Nottebohm, Ho, Pesaran, & Mitra, 2000) . Importantly, we hypothesize that WE or CPP can be used to provide similar information about the birdsong. To our knowledge, these two aims have not been pursued previously in birdsong research and should facilitate future investigations using the songbird model to investigate the impact of aging and neurodegenerative diseases on vocal communication.
Aim 1: Establishing a Translational Dictionary
There are two components to the translational dictionary: (a) perceptual terminology related to the sounds birds and humans produce, with emphasis on voice, and (b) acoustic measures used to define voice quality, loudness, and pitch. Acoustic analysis of human voice and birdsong is not standardized in the birdsong or human voice literature. We therefore reviewed several examples of acoustic measurements made in adult birdsong with relevance to voice. First, it is necessary to provide a description of the birdsong structure in terms familiar to human voice researchers. Both birdsong and human speech include time-varying acoustic products consisting of alternating harmonic and noisy units. The comparison is not intended to suggest similarity in meaning (e.g., that a particular unit represents the smallest unit of meaning). We refer the reader to already existing literature that draws parallels between phonological and syntactical features of birdsong and human language structure during development and adulthood (see Chapters 9-12 in Berwick & Chomsky, 2013; Lipkind et al., 2013) .
The basic unit of birdsong is a sequence of repeated syllables known as a motif. Motifs are encoded by specific patterns of neuronal firing in song control regions and are separated in time by silent intervals (Hahnloser, Kozhevnikov, & Fee, 2002) . The motif can vary over multiple renditions by the order of the syllables (syntax) or insertion of a new syllable type. The audio signals and narrow-band spectrograms for sample birdsong from three zebra finches are shown in Figures 1A-1C . The basic motif differs across birds, and the most complex motif for these three birds is in Panel C. Figure 1A shows two motifs. For comparison, Figure 1D shows a sentence spoken twice ("Shhh, finches perch in trees") by a middle-aged human female to illustrate similarities/differences in the spectral structure of elements, human words, vowels, and consonants to birdsong. The motifs and sentence show a generally similar pattern in that they are both composed of several components and that the energy in some, but not all, components has an f o and harmonics.
In birdsong, the motif is a series of "syllables" defined by their spectral profile and labeled in Figure 1 with capital letters. Each syllable in the birdsong consists of one (e.g., Syllables A, B, C, and E in Figure 1A ) or more notes (e.g., two notes: Syllable D, Figure 1A ). All acoustic analyses in this research note were completed on the syllable level. Birdsong syllables are referred to as "noisy" or "harmonic," and the designation determines the type of analysis completed on the syllable. A well-defined harmonic syllable (e.g., Syllables "B & E" in Figure 1A and "B" in Figure 1B ) has an f o and many harmonics, similar to a vowel such as the "ee" in "trees." Note that the f o for the human sentence (see Figure 1D ) is generally lower than for the bird motif. The associated human harmonics tend to fade by approximately 5000 Hz, whereas they continue to 10,000 Hz in the bird's harmonic syllables. A noisy syllable (e.g., Syllable A in Figures 1A-1B ) has poorly defined harmonics with sound energy visible between them. This type of birdsong syllable is more similar to a human fricative or affricate (such as "sh" or "ch") than a vowel, yet the birdsong noisy syllable has more harmonic structure than a fricative or affricate. Some syllables are composed of a harmonic and a noisy note (e.g., Figure 1A , Syllable "D"; Figure 1C , Syllable "I"). In this research note, those syllables are considered "mixed." In our human sentence, the word finches and trees appear to resemble the mixed type of birdsong syllables, in that there are harmonic and noisy elements within the words.
Perceptual Voice Terminology
Birdsong and human voice are both discussed using the perceptual terms loudness, pitch, and quality. Working definitions are summarized in Column 2 of Table 1 and their acoustic correlates in Column 3. The meanings of pitch and loudness are similar in the birdsong and human voice literature and are perceptually judged using terms such as louder or quieter (loudness) and higher or lower (pitch). Quality in birdsong is determined based on how similar one performance of a syllable or motif is to the next rendition; in early song development, quality is defined by the degree of song similarity (e.g., imitation) between the juvenile finch and his adult tutor (Tchernichovski & Nottebohm, 1998; Tchernichovski et al., 2000) . Highly accurate and similar performances (scores) in adult males and reduced variability in f o from one song rendition to the next indicate higher quality song, and in social contexts, the higher quality song is preferred by a female finch (Kao et al., 2005; Woolley & Doupe, 2008) . The accuracy and similarity of pitch and loudness from one rendition to the next in birdsong is enfolded into the concept of quality. In contrast, human voice "quality" is separated from pitch and loudness in human voice research. However, quality is difficult to define and typically described using a series of terms such as breathy, strained, or rough (Bartholomew, 1934; Kempster, Gerratt, Abbott, Barkmeier-Kraemer, & Hillman, 2009 ). Together, the three aspects of voice provide considerable information about speaker identity, mood, physical health, and vitality.
Acoustic Analysis
When comparing standard acoustic measurements of birdsong to a human voice, several similarities and differences emerge. In the birdsong field, f o and aggregate acoustic measures, known as similarity scores, are used to describe the acoustic match of the juvenile pupil's song to that of its adult tutor and to compare the effects of preexperimental versus postexperimental treatments in finch song at different ages (Haesler et al., 2007; Heston & White, 2015; Miller, Hilliard, & White, 2010; Tchernichovski, Mitra, Lints, & Nottebohm, 2001) . Similarity scores are calculated at the motif and syllable level using WE, frequency modulation, pitch, pitch goodness, and amplitude modulation (Tchernichovski et al., 2000) . WE is a common measure used to describe the effects of experimental treatment on birdsong syllables. WE is defined as a measure of the width and uniformity of the power spectrum and is measured on a logarithmic scale where zero is white noise and negative infinity is complete order (Tchernichovski et al., 2000) . Thus, syllables with harmonic structure have more negative (e.g., lower) WE scores than noisy syllables.
Birdsong analysis contrasts with human voice acoustic measurement, where several measures of intensity, f o , and spectral correlates of quality are common together with composite measures of quality (e.g., cepstral spectral index of dysphonia; Awan, Roy, & Cohen, 2014) . Current recommendations for standard acoustic evaluation include speaking f o , standard deviation of f o , maximum phonational frequency range, speaking intensity, maximum intensity range, and CPP (Patel et al., 2018) . CPP is a robust and frequently used measure of overall voice quality that provides information about acoustic waveform periodicity (Fraile & GodinoLlorente, 2014; Hillenbrand, Cleveland, & Erickson, 1994; Samlan, Story, & Bunton, 2013) . Many other measures of quality have been used over the past several decades, including long-and short-term perturbation, ratios of harmonic to noise components, and various measures of spectral slope (Buder, 2000; Kreiman, Gerratt, & Berke, 1994) . To summarize, frequency and amplitude measures are common to analyses of both species, in spite of being used differently (i.e., as part of a composite score in birdsong and as individual measures in humans). Based on these similarities, we determined that mean f o , the variability of f o within a syllable, and intensity will serve as part of a core set of measures familiar to researchers of both species. Measures of quality are defined differently for birdsong and human voice, though a measure of harmonic or noise structure is common to both (i.e., WE for birdsong and CPP for human voice). These two measures complete the core set used in Aim 2.
Aim 2: Methods
There are two subaims: (a) determine the feasibility of using a set of measures familiar to human voice researchers that will characterize key features of birdsong and (b) identify the extent to which WE relates to CPP.
Subjects
All animal use was approved by the Institutional Animal Care and Use Committee at the University of Arizona. For the song analyses, three adult male zebra finches at the midpoint of their life span (~865-898 days post-hatch) were used with the expectation that measurements made in these three birds would be feasible in young and elder adult finches. The finches were raised in different nest boxes within an aviary in which male and female finches can select their mates; therefore, the adult tutor was not identified but is likely different for each bird and may represent the influence of several tutors based on the distinct songs sung (see Figure 1) . Bird identification codes refer to the leg band color (R = red and W = white and number: R1156, W35, R1157). Finches were moved to individual sound attenuation chambers (Eckel Noise Control Technologies) and acclimated for 2 days under a 13:11 h of light: dark cycle before beginning recordings.
Song Recordings
Methods followed those of Miller et al. (2008) . Songs were recorded from males housed alone in sound attenuation chambers. Isolation of an individual male finch in these sound chambers is a routine experimental paradigm employed in songbird research. It enables recording and analysis of a single song in response to an experimental manipulation of the neural circuitry without the need to filter out competing noise from a female, groups of other finches, or human presence (selected references: Jarvis, Scharff, Grossman, Ramos, Miller et al., 2008) . Next, we opted to collect songs from males singing in a solo context, also known as undirected song (UD). UD song characteristics are advantageous for the current study because they include a greater degree of variability in acoustic features such as f o compared with female-directed song performance (Kao et al., 2005) . This is similar to human voice research, where it is common to evaluate the subject reading or imitating text and sustained vowels (Patel et al., 2018) . Conversational speech is less frequently used as stimuli for laboratory measurement.
Two hours of UD song were collected from lights on in the morning for all birds using Shure 93 lavalier condenser omnidirectional microphones connected to an audiobox (Audiobox: 44.1-kHz sampling rate/24-bit depth). When singing the UD song, male finches tend to stay stationary Human voice: CPP, in dB, is the currently recommended measure of overall voice quality. CPP describes the prominence of harmonic energy in the acoustic waveform. Birdsong: composite acoustic measures of similarity and accuracy (scale of 0-100) that include WE, pitch, frequency modulation, and spectral continuity taken from 50-(similarity) or 7-ms (accuracy) sampling windows at either the motif or syllable level Birdsong WE: a measure of the periodic versus aperiodic energy in a birdsong syllable. Measured on a logarithmic scale from zero to minus infinity. White noise log (1) = 0 and complete order log (0) = minus infinity
Note. Definitions are compiled from selected references (Baken & Orlikoff, 2000; Hillenbrand & Houde, 1996; Kreiman & Gerratt 2000; Kreiman, Gerratt, Garellek, Samlan, & Zhang, 2014; Patel et al., 2018; Tchernichovski et al., 2000) . Human measurements in voice research are obtained using either sustained vowel phonation and/or connected speech during a standard reading passage. f o = fundamental frequency oscillation; CPP = cepstral peak prominence; WE = Wiener entropy.
in their cage; our previous observations noted only a 1-dB change in sound intensity detected by the microphone if the bird was at the far regions of the cage. Sounds were recorded and digitized using preset parameters for capturing zebra finch song in Sound Analysis Pro (SAP: http:// soundanalysispro.com/; Tchernichovski et al., 2000) , a freely available software platform. Birdsong researchers use SAP and custom written code in MATLAB or in R for acoustic analysis (Burkett, Day, Penagarikano, Geschwind, & White, 2015; Miller et al., 2010) .
Song Analyses
Motifs were identified as a sequence of repeated syllables separated by periods of silence. Acoustic features were analyzed for 25 renditions of each syllable within the bird's motif immediately following lights on in the morning. No appreciable increase in power has been previously observed in any statistical test when conducted on an n ≥ 25 syllables in a given behavioral condition sung in the 2-hr recording period based on power calculations (Miller et al., 2010) . Introductory notes and unlearned calls were excluded from the acoustic analyses. Syllables were identified as sound envelopes that could be separated from other syllables by local minima and repeated across the 25 motifs. The motifs and syllables were segmented in Praat and then analyzed in SAP (WE) and Praat (Boersma & Van Heuven, 2001 ).
Syllable Analysis in Praat
Acoustic measurements of birdsong syllables that are correlates of loudness, pitch, and quality were selected for analysis (see Table 1 ). Spectrogram settings typically used for viewing speech and voice did not allow visualization of enough birdsong harmonics to make decisions about segmentation and confirm syllable type within the motifs. Settings were manipulated through trial and error so that the harmonic structure was clearly revealed. The following spectrogram settings were used: view range of 0 to 10000 Hz, window length of 0.025 s, and dynamic range of 70 dB. Mean intensity and smoothed CPP were computed for all analyzed syllables. Mean intensity was computed using the "get intensity" command (Maryn, 2017) . The CPP was calculated using standard methodology as described in the Praat instruction manual included with the program. First, a power cepstrogram was generated using a pitch floor setting of 300 Hz, a maximum frequency of 20,000, a time step of 0.002, and preemphasis of 50. All settings are the Praat default settings except the pitch floor and maximum frequency, which were modified in order to accommodate the higher f o of the birds. The "get CPPS" command was then used with a peak search range of 300 to 1500 Hz (also modified to accommodate the bird f o ), time window of 0.0001, frequency averaging window of 0.00005, tolerance of 0.05, parabolic interpolation, tilt line frequency of 0.001 to 0.0, exponential decay, and a robust fit method.
We followed the convention in birdsong analysis whereby f o is only measured for harmonic syllables where it is relatively stable, that is, syllable types composed of only one note in the form of flat harmonic stacks (Kao et al., 2005) . The f o was not calculated for noisy or mixed birdsong syllables because, by definition, they lack a consistent f o . For frequency analysis, we specified a 75-to 1600-Hz range for the setting "pitch range" and selected the crosscorrelation analysis option. Mean f o , standard deviation, and minimum and maximum f o , were measured using the "voice report" function in Praat for each harmonic syllable (Praat manual). The f o range was computed in an Excel spreadsheet as the difference between maximum and minimum f o , in Hertz.
Statistics
Two undergraduate research assistants made all measurements and rated one bird in common to determine interrater reliability. Descriptive statistics include mean and standard deviation for each acoustic measure.
Aim 2: Results
The Pearson correlation coefficient was used to calculate interrater reliability. Correlations were .87 or higher for each measure (r ≥ .87), confirming good reliability.
The mean and standard deviation of each acoustic measure are reported for all syllables within each bird (see Table 2 ). The full dataset of mean and standard deviation for each of the 25 copies of every syllable can be found in the online supplemental materials (Supplemental Material S1).
As presented in Figure 2 , CPP and WE are shown for three consecutive renditions of a harmonic syllable (top panel, Syllable E) versus a noisy Syllable C (bottom panel) from the bird's motif in Figure 1A . In this example, the harmonic syllables have low WE (closer to negative infinity) compared with noisy syllables that approach zero, closer to white noise (see Figure 2) . Both syllable types are present in a song motif, but there are fewer harmonic syllables produced making sample sizes small. Figure 3 shows scatter plots of CPP versus WE for each bird. In Figure 3a (R1156) , the harmonic Syllable E shows high CPP and low WE (e.g., more negative). In contrast, noisy Syllable A has lower CPP and higher WE (e.g., less negative). Interestingly, CPP values for harmonic Syllable B are close to noisy Syllable A, but WE is similar to harmonic Syllable E. Syllable D (mixed), composed of two notes, a harmonic and a noisy, can be compared with the syllables with one harmonic or one noisy note. In comparison to harmonic Syllables B and E, Syllable D has a lower CPP score and higher mean WE (see Table 2 ). CPP and WE for Syllable D are both lower than for the two noisy syllables, A and C.
In Figure 3b (W35), harmonic Syllable B has high CPP and low WE, whereas noisy Syllables A and E have lower CPP and higher WE (see also mean scores, Table 2 ). Syllables C and D are composed of mixed notes so their CPP scores are lower than harmonic Syllable B but greater than pure noisy Syllables A and E. Mixed Syllable C consists of mostly harmonic notes, and therefore, its WE score is lower, similar to purely harmonic Syllable B. By contrast, mixed Syllable D has a noisy note with harmonic note, which may explain its high WE score in Figure 3b .
In Figure 3c (R1157), Syllable H has the highest CPP value compared with mixed syllables, B, D, E, F, and I and noisy Syllables A, C, and G. Syllable H has a harmonic appearance, but its f o varies over the length of the syllable, and therefore, its f o was not analyzed. The WE scores are not consistent among the syllables. Mixed Syllable D has the lowest WE, whereas noisy Syllable C has the highest scores.
Discussion
The current study establishes a translational dictionary of birdsong and human voice terminology/measures that can be used as a tool to interpret how manipulations of neural circuitry in birdsong can be applied to a better understanding of voice disorders. Furthermore, we identified a set of acoustic measures common to evaluation of human voice and birdsong. In Praat, measurements of birdsong were feasible following some adjustments to the settings typically used for human voice analysis. Praat presents a platform that is more familiar to human voice researchers and may facilitate collaborations between voice and songbird researchers.
We hypothesized that the human voice measure CPP and the birdsong measure WE would provide the same information about the harmonic and noise components of the birdsong syllable. Contrary to our hypothesis, the relationship between CPP and WE is complex. For syllables that were assigned to clear categories of harmonic or noisy, their CPP and WE scores showed a fairly consistent inverse relationship. Harmonic syllables have high CPP values and low WE scores compared with noisy syllables, suggesting that both metrics provide similar information. However, in the case of mixed bird syllables consisting of harmonic and noisy elements, the relationship was not preserved because WE scores were too variable. For mixed syllables, CPP scores appear to be a more reliable measure. The CPP was generally midrange when the mixed syllable had a long harmonic component (i.e., Syllables C and D in Figure 3B and I in Figure 3C ) and low when the harmonic component was short (i.e., Syllable D in Figure 3A and Syllables B, D, E, and F in Figure 3C ). Because calculation of CPP does not rely on previous determination of f o (Hillenbrand et al., 1994) , it is one of the measures commonly used in human voice analysis that is reliable when the acoustic signal is noisy (Awan, Roy, & Dromey, 2009) . This is important to the assessment of disordered voice and also when the assessment stimuli (e.g., sustained sounds, words, phrases) contain fricatives or affricates, an acoustic situation that mirrors the noisy and mixed syllables of birdsong. To our knowledge, limitations of WE for noisy and mixed syllables are not reported in the birdsong literature.
The CPP was not always the more reliable determinant of noisy versus harmonic energy, however. There were also some instances where CPP was similar for noisy and harmonic syllables (e.g., Figure 3A : Syllables A vs. B), and the WE score differentiated the syllables. In this particular case, the noisy syllables had some low frequency harmonics that appear reflected in the CPP value. Thus, WE could Note. Mean and standard deviation are reported for each syllable across three birds. The f o measurements were only made for syllables with a clear one-note harmonic structure. The f o range represents the difference between the lowest and highest f o during a sustained phonation. Units are reported for the mean scores except for WE, which is a pure number and unitless (Tchernichovski et al., 2000) . Em dashes indicate data not applicable. ID = identification; CPP = cepstral peak prominence; WE = Wiener entropy; f o = fundamental frequency oscillation. Harmonic versus noisy syllable exemplars, cepstral peak prominence (CPP), and Wiener entropy (WE). Three consecutive renditions of R1156 harmonic Syllable "E" (top) versus Syllable "C" (bottom) are shown. CPP and WE scores are reported below each syllable. CPP is higher for harmonic Syllable E compared with noisy Syllable C. WE entropy scores are lower (more negative) for Syllable E than for Syllable C.
also occasionally distinguish fine detail between two syllables better than CPP. Our results suggest that the measures provide complementary information, and utilization of both CPP and WE scores is warranted to reliably characterize fine differences in acoustic properties between syllables. Given the ability to make successful comparisons between birdsong and human voice measures, our analyses can be extended in future work to include more harmonic syllables in birdsong and to make comparisons at the motif level with human speech measurements including speech and articulation rate. Here, we only studied males singing a UD (e.g., vocally practicing alone), as a model for human voice research, but it would be informative for future studies to analyze female-directed song as a model for conversational speech.
One limitation of using zebra finches as a model for human voice is that the males sing and the females do not. Therefore, future studies will need to incorporate other songbird species (e.g., Northern cardinals, house wrens) in which both the females and males sing (Odom & Benedict, 2018) in order to make comparisons of pitch, loudness, and vocal quality with human male and female subjects. For example, adult human males have a lower f o compared with females (Baken & Orlikoff, 2000) ; whether that holds true for songbird species in which both the females and males sing requires determination. In addition to differences based on gender, changes in human voice are impacted by age-children have a higher f o than adults (Baken & Orlikoff, 2000) , men's f o might increase as they age, and women's f o might decrease (Dehqan, Scherer, Dashti, AnsariMoghaddam, & Fanaie, 2012; Goy, Fernandes, PichoraFuller, & van Lieshout, 2013; Hollien & Shipp, 1972) . Whether young male zebra finches learning their song have a higher f o compared with adult finches is not known. In a small study conducted in a related species, Bengalese finch, reductions in syllable pitch and intensity were detected in adulthood as the birds aged (Cooper et al., 2012) .
Because male zebra finches are known as close-ended learners, meaning they retain a similar motif structure from development into adulthood, it would be useful to conduct vocal analyses on canaries (open-ended learners) that change their songs each breeding season (Nottebohm, Nottebohm, & Crane, 1986) . By applying our human voice analyses to canary songs, we can obtain additional insight into the neural plasticity mechanisms that drive vocal quality based on environmental needs.
The further development of comparative analyses between voice/speech measures in normal human populations with birdsong will facilitate future comparisons examining age and neurodegenerative disease-related changes on vocal output.
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